Pure theophylline-benzoic acid cocrystal was prepared via slurry and cooling crystallization in solution to overcome the disadvantages of existing preparation methods. The target cocrystal was characterized by powder X-ray diffraction (PXRD), thermalgravimetric analysis (TGA), differential scanning calorimetry (DSC) and Raman spectroscopy. The slurry and cooling cocrystallization process in solution was monitored via on-line Raman spectroscopy. The results obtained from on-line Raman monitoring can exhibit the transformation process from raw materials (theophylline and benzoic acid) to cocrystal and show the cocrystal formation rate. Comparing each transformation process under different conditions in slurry crystallization, we found that suspension density of raw materials and temperature both have an impact on the theophylline-benzoic acid cocrystal formation rate. It could be concluded that the cocrystal formation rate increased with the increase of suspension density of raw materials. Further under the same suspension density, higher temperature will accelerate theophylline-benzoic acid cocrystal formation. Meanwhile, various data from the cocrystallization process in cooling crystallization, including nucleation time, nucleation temperature and suitable cooling ending point can be gained from results of on-line Raman monitoring.
Introduction
Active pharmaceutical ingredients (API) can exist in different solid-state forms, such as polymorphs, salts, solvates, amorphous forms and cocrystals [1] . Cocrystal is a new class of pharmaceutical crystal form, which can improve the physicochemical properties of API effectively without affecting their internal structure [2] . Cocrystals are molecular complexes that contain two or more components together in the same crystal lattice, and their structures are based on hydrogen bonds, π-π stacking, van der Waals forces and other non-covalent bonds [3] . In contrast to salts, cocrystal formation can be envisaged for acidic, basic and neutral APIs to open up new opportunities for the pharmaceutical industry [4] . Cocrystal synthesis has been carried out using a variety of methods, such as slow evaporation [5, 6] , cooling crystallization [7, 8] , slurry crystallization [9] , and mechanochemical synthesis and so on [10] .
Among these synthesis methods, cooling and slurry crystallization are widely used in preparation of pharmaceutical cocrystals because they can achieve larger scale and higher yield of target cocrystals compared with other methods [7] [8] [9] . In recent studies, the research of pharmaceutical cocrystal is mainly focused on how to improve physicochemical properties of APIs and enhance their efficacy.
Many articles have been published which are associated with the design, characterization analysis and properties of cocrystals [11] [12] [13] [14] [15] . However, the understanding of cocrystals is still far less than that of other solid forms and the understanding of the cocrystallization process in solution remains to be developed. With cooling and slurry crystallization, the cocrystal formation process is convenient to monitor and control by some on-line analysis methods, such as Raman spectroscopy, Fourier transform infrared spectroscopy (FTIR) and focused beam reflectance measurement (FBRM). Raman spectroscopy, as a kind of reliable and effective technique that can detect both solid and liquid phases, is more suitable to monitor cocrystal formation [16] [17] [18] [19] .
Theophylline (TP) is a drug for asthma therapy and chronic obstructive pulmonary disease treatment [20] . However, in clinical application, the low water solubility limits its bioavailability. For this reason, new molecular compounds containing theophylline need to be developed to expand its clinical application. Therefore, the synthesis of cocrystal is research focused on improving physicochemical properties of theophylline [21] [22] [23] [24] [25] [26] . Theophylline has great potential to form cocrystal due to the carbonyl groups and aromatic nitrogen atoms in the structure, which are readily to form hydrogen bonds. Hence, theophylline is a good model molecule to research cocrystal formation and investigate the cocrystallization mechanism. According to the literature, the cocrystals of theophylline have been successfully prepared with several carboxylic acids, such as glutaric acid, oxalic acid, and benzoic acid [10, 27, 28] . Benzoic acid (BA) occurs naturally in many plants and serves as an intermediate in the biosynthesis of many secondary metabolites [29] . Benzoic acid is a good non-toxic cocrystal coformer because of the carboxyl group in its structure, which can form many kinds of cocrystals with different APIs. The 1:1 theophylline-benzoic acid cocrystal has been reported to be prepared via neat grinding and slow evaporation [27, 30] . These two methods are mostly commonly used in cocrystal screening, however are not conducive for robust scaling because of the inherent limitations of the techniques and solution crystallization most widely used to achieve large-scale production of crystals [13, 31] . Therefore, solution crystallization need to be explored to prepare pure theophylline-benzoic acid cocrystal.
Our research focuses on preparation and on-line monitoring of the formation process of theophylline-benzoic acid cocrystal. The molecule structure of TP-BA cocrystal at a stoichiometric molar ratio of 1:1 from the Cambridge Crystallographic Data Centre is shown in Figure 1 [27] . In this study, we successfully prepared pure TP-BA cocrystal via solution crystallization (slurry and cooling crystallization) and characterized the solid phase of the theophylline-benzoic acid cocrystal by different analysis methods. In our research, we investigated the TP-BA cocrystal formation process in slurry and cooling crystallization by on-line Raman spectroscopy. Furthermore, the influence of suspension density of raw materials (theophylline and benzoic acid) and temperature on cocrystal formation rate in slurry crystallization was demonstrated. Further, the nucleation temperature and suitable cooling ending point in cooling crystallization can be also achieved by on-line Raman monitoring. target cocrystals compared with other methods [7] [8] [9] . In recent studies, the research of pharmaceutical cocrystal is mainly focused on how to improve physicochemical properties of APIs and enhance their efficacy. Many articles have been published which are associated with the design, characterization analysis and properties of cocrystals [11] [12] [13] [14] [15] . However, the understanding of cocrystals is still far less than that of other solid forms and the understanding of the cocrystallization process in solution remains to be developed. With cooling and slurry crystallization, the cocrystal formation process is convenient to monitor and control by some on-line analysis methods, such as Raman spectroscopy, Fourier transform infrared spectroscopy (FTIR) and focused beam reflectance measurement (FBRM). Raman spectroscopy, as a kind of reliable and effective technique that can detect both solid and liquid phases, is more suitable to monitor cocrystal formation [16] [17] [18] [19] . Theophylline (TP) is a drug for asthma therapy and chronic obstructive pulmonary disease treatment [20] . However, in clinical application, the low water solubility limits its bioavailability. For this reason, new molecular compounds containing theophylline need to be developed to expand its clinical application. Therefore, the synthesis of cocrystal is research focused on improving physicochemical properties of theophylline [21] [22] [23] [24] [25] [26] . Theophylline has great potential to form cocrystal due to the carbonyl groups and aromatic nitrogen atoms in the structure, which are readily to form hydrogen bonds. Hence, theophylline is a good model molecule to research cocrystal formation and investigate the cocrystallization mechanism. According to the literature, the cocrystals of theophylline have been successfully prepared with several carboxylic acids, such as glutaric acid, oxalic acid, and benzoic acid [10, 27, 28] . Benzoic acid (BA) occurs naturally in many plants and serves as an intermediate in the biosynthesis of many secondary metabolites [29] . Benzoic acid is a good non-toxic cocrystal coformer because of the carboxyl group in its structure, which can form many kinds of cocrystals with different APIs. The 1:1 theophylline-benzoic acid cocrystal has been reported to be prepared via neat grinding and slow evaporation [27, 30] . These two methods are mostly commonly used in cocrystal screening, however are not conducive for robust scaling because of the inherent limitations of the techniques and solution crystallization most widely used to achieve largescale production of crystals [13, 31] . Therefore, solution crystallization need to be explored to prepare pure theophylline-benzoic acid cocrystal.
Our research focuses on preparation and on-line monitoring of the formation process of theophylline-benzoic acid cocrystal. The molecule structure of TP-BA cocrystal at a stoichiometric molar ratio of 1:1 from the Cambridge Crystallographic Data Centre is shown in Figure 1 [27] . In this study, we successfully prepared pure TP-BA cocrystal via solution crystallization (slurry and cooling crystallization) and characterized the solid phase of the theophylline-benzoic acid cocrystal by different analysis methods. In our research, we investigated the TP-BA cocrystal formation process in slurry and cooling crystallization by on-line Raman spectroscopy. Furthermore, the influence of suspension density of raw materials (theophylline and benzoic acid) and temperature on cocrystal formation rate in slurry crystallization was demonstrated. Further, the nucleation temperature and suitable cooling ending point in cooling crystallization can be also achieved by on-line Raman monitoring. 
Materials and Methods

Materials
Theophylline (Form II) was purchased from Aladdin-Reagent Technology Co. Ltd. (Shanghai, China) and benzoic acid was purchased from Tianjin Guangfu Chemical Reagent Co. (Tianjin, China). Deionized water and analytic grade methanol (Tianjin Kewei Chemical Reagent Co., Tianjin, China) were used in this work. All materials were used without further purification. Table 1 shows mass fraction purity and provenance of the materials. 
Preparation of Theophylline-Benzoic Acid Cocrystal
Theophylline-benzoic acid cocrystal was synthesized by slurry and cooling crystallization in methanol/water mixture (V:V = 1:5). In our pre-experiments, the target cocrystal was synthesized in pure acetonitrile and the ratio of API and coformer used for preparation was 1:5 due to the solubility difference between theophylline and benzoic acid, which resulted in benzoic acid being wasted. The mixed solvents (methanol/water mixture) decreased the solubility difference between TP and BA and modified the raw materials ratio to 1:1 to avoid wasting of coformer.
In the slurry crystallization, TP-BA cocrystal solubility in methanol/water mixture solution (V:V = 1:5) was determined by static method with high-performance liquid chromatography (HPLC), which was 0.087 mol/L at 298.15 K. A total of 5.95 mmol TP and 5.9 5mmol BA was added a 36 mL methanol/water mixture to make a suspension of both TP and BA. Due to the total added materials and cocrystal solubility, the suspension density was 0.078 mol/L TP and 0.078 mol/L BA at 298.15 K. The TP and BA suspension was stirred magnetically in a water bath at 298.15 K for at least 5 h to reach equilibrium. Then the cocrystal product was filtered from the suspension and dried at 313.15 K for 12 h. In the cooling crystallization, 3.5 mmol TP and 3.5 mmol BA were dissolved in 36 ml methanol/water mixture (V:V = 1:5). The solution temperature was kept at 313.15 K for 1 h, and then cooled to 278.15 K with a 9 K/h cooling rate. The TP-BA cocrystal can be formed in the cooling process. The solid product of cooling crystallization was isolated over a filter paper (Whatman 2.5 µm grade, Shanghai, China) using vacuum filtration and dried for 12 h at 313.15 K in an oven. The temperature of the water bath was controlled by a thermostat (XODC-2006, Xianou Laboratory Instrument Works Co., Ltd., Nanjing, China), and the system temperature variation for all the measurements was found to be less than ±0.1 K. The cocrystal products gained from slurry and cooling crystallization were analyzed by powder X-ray diffraction (PXRD, Rigaku, Tokyo, Japan) and high-performance liquid chromatography (HPLC, Agilent Technologies, Inc., Carpinteria, CA, USA) to determine solid phase composition. Then TP-BA cocrystal was characterized by differential scanning calorimetry (DSC, Mettler Toledo, Greifensee, Switzerland), thermogravimetric analysis (TGA, Mettler Toledo, Greifensee, Switzerland) and Raman spectroscopy (Kaiser Raman RXN2, Ann Arbor, MI, USA). Raman spectroscopy was used to monitor the cocrystal formation process during slurry and cooling crystallization. 
Monitoring Cocrystallization Process of Theophylline and Benzoic Acid in Slurry Crystallization
To explore the factors affecting the TP-BA cocrystal formation process in slurry crystallization, we performed four sets of slurry experiments in a methanol/water mixture (V:V = 1:5). The corresponding temperature, initial concentration and suspension density of raw materials are listed in Table 3 . The suspension density was calculated from the total concentration and cocrystal solubility at 298.15 K and 313.15 K. Cocrystal solubility at 298.15 K and 313.15 K was determined by static method with HPLC. The ratio of TP and BA in cocrystal products was analyzed using HPLC to confirm TP-BA cocrystal purity. This cocrystallization process was monitored by Raman spectroscopy for 5 h to reach the equilibrium. The whole spectra was obtained at a spectral range of 200-1800 cm −1 .
Analytical Methods
A Raman spectrometer (RXN2, Kaiser Optical systems, Inc., Ann Arbor, MI, USA) was used for both off-line measurement of solid samples and on-line monitoring of cocrystal formation process in slurry and cooling crystallization. In the Raman spectroscopy, the spectral resolution and the excitation wavelength of the laser were 5 cm −1 and 785 nm, respectively.
The PXRD patterns of the TP−BA cocrystal were obtained using a powder diffractometer (D/MAX 2500, Rigaku, Tokyo, Japan) with a Cu Kα radiation (1.54 Å), tube voltage of 40 kV, and current of 100 mA. Data were collected between 2 • and 40 • in 2θ with steps of 0.05 • and a dwelling time of 1 s per step.
Thermal measurements were performed by TGA/DSC (1/500, Mettler Toledo, Greifensee, Switzerland) protected by nitrogen atmosphere. Experimental conditions were followed as pans of 40 µL volume with a heating rate of 10 K/min and a scan range from 298.15 K to 573.15 K.
The ratio of TP and BA in cocrystal products was analyzed by high-performance liquid chromatography (HPLC). The HPLC is equipped with a UV-vis spectrophotometer detector and uses a C18 column (Extend, 5 µm, 4.6 × 250 mm, Agilent Technologies, Inc., Carpinteria, CA, USA) to separate TP and BA. The mobile phase was composed of 60% methanol and 40% water with 0.1% trifluoroacetic acid. The flow was set at 1 mL/min and the sample injection volume was 20 µL. Absorbance was monitored at 250 nm. Data collection and processing were performed using software from Agilent Technologies, Inc., Carpinteria, CA, USA.
Results and Discussion
Solid Phases Characterization of Theophylline-benzoic Acid Cocrystal
The powder X-ray diffraction patterns of TP, BA, physical mixture, solid products obtained in slurry and cooling crystallization, and the calculated data of TP-BA cocrystal from single crystal X-ray data [27] are presented in Figure 2a . The PXRD patterns of the cocrystal products obtained in slurry and cooling crystallization are significantly different from those of TP, BA and physical mixture, but the same as the PXRD pattern calculated by single-crystal X-ray data [27] . In detail, the peaks at 6.10 • and 17.58 • , which are characteristics peaks of TP, are absent in the PXRD patterns of the cocrystal, as is the characteristic peak of BA at 7.98 • . Meanwhile, some new peaks appear at 11.40 • and 19.46 • in the cocrystal product pattern, which are the same as the PXRD pattern of the calculated data of the TP-BA cocrystal. Therefore, the formation of TP-BA cocrystal can be confirmed by the changes in the PXRD patterns. The ratio of TP and BA in cocrystal products is obtained as 1:1 by HPLC.
mixture, but the same as the PXRD pattern calculated by single-crystal X-ray data [27] . In detail, the peaks at 6.10° and 17.58°, which are characteristics peaks of TP, are absent in the PXRD patterns of the cocrystal, as is the characteristic peak of BA at 7.98°. Meanwhile, some new peaks appear at 11.40° and 19.46° in the cocrystal product pattern, which are the same as the PXRD pattern of the calculated data of the TP-BA cocrystal. Therefore, the formation of TP-BA cocrystal can be confirmed by the changes in the PXRD patterns. The ratio of TP and BA in cocrystal products is obtained as 1:1 by HPLC. The DSC and TGA curves of TP, BA, TP-BA cocrystal and physical mixture are shown in Figure  2 . The melting points of theophylline and benzoic acid are 545.5 K and 395.1 K, respectively. In the DSC curve of the TP-BA cocrystal, the first endothermic peak at around 411.1 K is the melting point of cocrystal, which is significantly different from API and coformer. The second peak indicates the cocrystal decomposing at 455.3 K. Around this temperature, benzoic acid breaks away from the structure of the TP-BA cocrystal, and theophylline recrystallizes to the solid phase. In the TGA curve of cocrystal, at 455.3 K solid weight begins decreasing and the total weightlessness is about 40%, which is equal to the mass fraction of BA in cocrystal. The last peak in DSC curve of the TP-BA cocrystal at 545.5 K is the melting point of the remaining theophylline. Moreover, the DSC curve of The DSC and TGA curves of TP, BA, TP-BA cocrystal and physical mixture are shown in Figure 2 . The melting points of theophylline and benzoic acid are 545.5 K and 395.1 K, respectively. In the DSC curve of the TP-BA cocrystal, the first endothermic peak at around 411.1 K is the melting point of cocrystal, which is significantly different from API and coformer. The second peak indicates the cocrystal decomposing at 455.3 K. Around this temperature, benzoic acid breaks away from the structure of the TP-BA cocrystal, and theophylline recrystallizes to the solid phase. In the TGA curve of cocrystal, at 455.3 K solid weight begins decreasing and the total weightlessness is about 40%, which is equal to the mass fraction of BA in cocrystal. The last peak in DSC curve of the TP-BA cocrystal at 545.5 K is the melting point of the remaining theophylline. Moreover, the DSC curve of the physical mixture has four endothermic peaks. The peak at 384.5 K indicates that solid theophylline and solid benzoic acid form the TP-BA cocrystal at this temperature and the next peak at 411.1 K is the melting point of the cocrystal, which corresponds with the curve of pure cocrystal. Further, the peaks at 455.3 K and 545.5 K represent the decomposition of BA from the cocrystal and the melting point of the remaining TP, respectively, which are as same as those in the DSC curve of cocrystal. Figure 2d shows the Raman spectra of the target cocrystal, physical mixture, TP and BA. It is obviously that the spectra of the cocrystal is different from those of TP and BA. For instance, TP and BA have the characteristic peaks at 1688, 1323, 1171 and 918 cm −1 , while the characteristic peaks of the cocrystal are at 1678, 1331, 1161 and 925 cm −1 . The difference between the Raman spectra of the cocrystal and raw materials can be used to identify TP-BA cocrystal formation and monitor the cocrystallization process in solution.
Crystal Structure Analysis of TP-BA Cocrystal
The crystallographic data of the TP-BA cocrystal is obtained from Cambridge Crystallographic Data Centre (CCDC) [27] and the crystal structure is shown in Figure 3 . Each TP molecule is connected to one BA molecule via two hydrogen bonds to form a dimer. One hydrogen bond is formed between the acidic nitrogen atom on the imidazole ring from the TP molecule and the carboxyl oxygen atom from the BA molecule. The other is formed between the carbonyl group from the TP molecule and the carboxyl group of the BA molecule. The dimers of TP-BA molecules are arranged parallel to the b-c plane, then form stacks along the a-axis. The space group of the TP-BA cocrystal is monoclinic, P2 1 /n and has cell parameters a = 6.98690 (17) Å, b =25.10944 (84) Å, c = 8.60685 (30) Å, β = 108.5597 (18) , and V = 1431.431 (78) Å 3 . From the TP-BA cocrystal structure, two hydrogen bonds' interaction results in changes in the stretching vibrations of the bonds in TP and BA molecules' structures, which can cause peak shifts in the Raman spectra ( Figure 4 ). For example, the peak at 1688 cm −1 is observed in both Raman spectra of TP and the physical mixture, while there is no peak at a similar position in the Raman spectra of BA. It indicates that this peak should be caused by stretching vibrations of the N-C=O bond in TP molecule. The hydrogen bond, N-C=O·H-O, formation, causes this peak to shift from 1688 cm −1 to 1678 cm −1 . Similarly, in the spectra of TP and physical mixture we can see a peak at 918 cm −1 , which represents N-H on the imidazole ring. After forming a hydrogen bond, N-H·O=C, this peak shifts to 925 cm −1 . Therefore, during the cocrystallization process, the Raman spectra of the solution would change resulting from hydrogen bonds' interaction between TP and BA molecules, which can be used to monitor the TP-BA cocrystal formation process.
cocrystal. Figure 2d shows the Raman spectra of the target cocrystal, physical mixture, TP and BA. It is obviously that the spectra of the cocrystal is different from those of TP and BA. For instance, TP and BA have the characteristic peaks at 1688, 1323, 1171 and 918 cm −1 , while the characteristic peaks of the cocrystal are at 1678, 1331, 1161 and 925 cm −1 . The difference between the Raman spectra of the cocrystal and raw materials can be used to identify TP-BA cocrystal formation and monitor the cocrystallization process in solution.
The crystallographic data of the TP-BA cocrystal is obtained from Cambridge Crystallographic Data Centre (CCDC) [27] and the crystal structure is shown in Figure 3 . Each TP molecule is connected to one BA molecule via two hydrogen bonds to form a dimer. One hydrogen bond is formed between the acidic nitrogen atom on the imidazole ring from the TP molecule and the carboxyl oxygen atom from the BA molecule. The other is formed between the carbonyl group from the TP molecule and the carboxyl group of the BA molecule. The dimers of TP-BA molecules are arranged parallel to the b-c plane, then form stacks along the a-axis. The space group of the TP-BA cocrystal is monoclinic, P21/n and has cell parameters a = 6.98690 (17) Å, b =25.10944 (84) Å, c = 8.60685 (30) Å, β = 108.5597 (18) , and V = 1431.431 (78) Å 3 . From the TP-BA cocrystal structure, two hydrogen bonds' interaction results in changes in the stretching vibrations of the bonds in TP and BA molecules' structures, which can cause peak shifts in the Raman spectra ( Figure 4 ). For example, the peak at 1688 cm −1 is observed in both Raman spectra of TP and the physical mixture, while there is no peak at a similar position in the Raman spectra of BA. It indicates that this peak should be caused by stretching vibrations of the N-C=O bond in TP molecule. The hydrogen bond, N-C=O·H-O, formation, causes this peak to shift from 1688 cm −1 to 1678 cm −1 . Similarly, in the spectra of TP and physical mixture we can see a peak at 918 cm −1 , which represents N-H on the imidazole ring. After forming a hydrogen bond, N-H·O=C, this peak shifts to 925 cm −1 . Therefore, during the cocrystallization process, the Raman spectra of the solution would change resulting from hydrogen bonds' interaction between TP and BA molecules, which can be used to monitor the TP-BA cocrystal formation process. Table 2 . Table 2 . 
On-Line Monitoring of TP-BA Cocrystal Formation Process in Slurry Crystallization
The Raman spectra at 200-1800 cm −1 obtained from slurry crystallization at 298.15 K is shown in Figure 4 . In this figure, the shifts of the Raman spectra within operating time can be observed. The main shifts ranges are at (1) 1678-1688 cm −1 , (2) 1323-1331 cm −1 , (3) 1161-1171 cm −1 , and (4) 918-925 cm −1 , respectively, and are marked with circles in Figure 4 , which are corresponding with the off-line Raman spectra of the solid phase of TP, BA and cocrystal. That demonstrates that on-line Raman spectroscopy can be used to monitor the TP-BA cocrystal formation process in slurry crystallization. Figure 5a presents the Raman spectra of the range of 1640-1720 cm −1 obtained from slurry crystallization at 298.15 K. A main peak shift from 1688 cm −1 to 1678 cm −1 can be observed in the spectra. The solid-state Raman spectra of TP, BA and cocrystal were analyzed in Section 3.1. The characteristic peak at 1688 cm −1 can represent raw materials in the suspension, while the peak at the 1678 cm −1 could represent the TP-BA cocrystal existing in the slurry. Further, the peak intensity in the Raman spectra is positively related with the concentration of the compounds. The appearance of the characteristic peak, which represents the cocrystal, could demonstrate TP-BA cocrystal nucleation, and the decrease of the characteristic peak intensity of drug and coformer indicates raw material consumption, which is caused by the transformation from raw materials to cocrystal. Therefore, the target cocrystal formation can be identified by monitoring the characteristic peak intensity of the TP-BA cocrystal and raw materials. At the beginning of slurry crystallization only the peak at 1688 cm −1 could be seen from the spectra. As the cocrystallization process proceeds, the peak at 1678 cm −1 appears and the intensity starts to increase, which proves the TP-BA cocrystal formation. The intensity at 1630 cm −1 as the baseline is used to compare the intensity of two peaks, 1678 and 1688 cm −1 . The difference between the intensity of characteristics peaks and the baseline is named the "relative peak intensity". The changes of the relative peak intensity of 1688 cm −1 and 1678 cm −1 are shown in Figure 5b . We can see that the relative intensity of 1678 cm −1 increases from −250 to 250 over 44 min and then maintains a stable level. Meanwhile, the relative peak intensity of 1688 cm −1 decreases from 1500 to 240 during the same period. The results indicate that at this condition the transformation from raw materials to cocrystal finishes at 44 min, and can help us to improve the design of cocrystallization experiments and save more resources and time.
The spectra of 1270-1360 cm −1 can be observed in Supplementary Materials Figure S1a . During the cocrystallization process, the intensity of the peak at 1323 cm −1 keeps decreasing, while the intensity of the peak at 1331 cm −1 gradually increases within the operating time. We choose the intensity of 1306 cm −1 as the baseline for the characteristic peaks of 1323 and 1331 cm −1 . The relative intensity of these two peaks is calculated by the above method and presented in Supplementary Figure S1b . The relative peak intensity of 1323 cm −1 decreases from 2000 to 500, while that of the peak at 1331cm −1 rises from 1200 to 1750 over a period of about 44 min. Further, the time of transformation from raw materials to cocrystal obtained from the relative intensity change is the same as for the above analysis.
Moreover, two peak shifts can be seen at the range of 1120-1200 cm −1 and 890-940 cm −1 , respectively. One peak at 1171 cm −1 shifts to 1161 cm −1 (Supplementary Figure S2a) and another moves from 918 to 925 cm −1 (Supplementary Figure S3a) . When the slurry crystallization begins, we can only see the peak at 1171 and 918 cm −1 . As the cocrystal formation proceeds, the peaks at 1161 and 925 cm −1 appear. The intensities of 1140 and 900 cm −1 are used as the baseline. In the Supplementary Figure S2b , the relative intensity of the peak at 1171 cm −1 reduces from 1300 to 350 and the relative peak intensity at 1161 cm −1 increases from 620 to 1050 over a period of 44 min. Similarly, the relative intensity of the peak at 918 cm −1 reduces from 1400 to 300, however the intensity of the peak at 925 cm −1 increases from 700 to 1250 at the same time (Supplementary Figure S3b) . intensity of these two peaks is calculated by the above method and presented in Supplementary Figure S1b. The relative peak intensity of 1323 cm −1 decreases from 2000 to 500, while that of the peak at 1331cm −1 rises from 1200 to 1750 over a period of about 44 min. Further, the time of transformation from raw materials to cocrystal obtained from the relative intensity change is the same as for the above analysis. Table S1 . Moreover, two peak shifts can be seen at the range of 1120-1200 cm −1 and 890-940 cm −1 , respectively. One peak at 1171 cm −1 shifts to 1161 cm −1 (Supplementary Figure S2a) and another moves from 918 to 925 cm −1 (Supplementary Figure S3a) . When the slurry crystallization begins, we can only see the peak at 1171 and 918 cm −1 . As the cocrystal formation proceeds, the peaks at 1161 and 925 cm −1 appear. The intensities of 1140 and 900 cm −1 are used as the baseline. In the Supplementary Figure  S2b , the relative intensity of the peak at 1171 cm −1 reduces from 1300 to 350 and the relative peak intensity at 1161 cm −1 increases from 620 to 1050 over a period of 44 min. Similarly, the relative intensity of the peak at 918 cm −1 reduces from 1400 to 300, however the intensity of the peak at 925 cm −1 increases from 700 to 1250 at the same time (Supplementary Figure S3b ).
From the above information obtained from relative intensity change of four couples of characteristics peaks, we know the total time taken for TP-BA cocrystal formation in slurry crystallization under this condition. Therefore, Raman spectroscopy can be used as a reliable and suitable technique to monitor the formation of TP-BA cocrystal and help us to design cocrystallization experiments. Table S1 .
From the above information obtained from relative intensity change of four couples of characteristics peaks, we know the total time taken for TP-BA cocrystal formation in slurry crystallization under this condition. Therefore, Raman spectroscopy can be used as a reliable and suitable technique to monitor the formation of TP-BA cocrystal and help us to design cocrystallization experiments.
Influence of Suspension Density of Raw Materials and Temperature on Theophylline-benzoic Acid Cocrystal Formation in Slurry Crystallization
To explore the factors affecting TP-BA cocrystal formation process in slurry crystallization, on-line monitoring of the cocrystallization process in solution by Raman spectroscopy was carried out in a methanol/water mixture under different temperatures and suspension densities of raw materials. Besides the above slurry experiment, we added another three sets of experiments at 298.15 K and 313.15 K with different suspension densities of raw materials. The corresponding conditions of the four sets of experiments are shown in Table 3 . Table 3 . Temperature, initial concentration, suspension density of raw materials and formation time in TP-BA cocrystal formation process in slurry crystallization. a High-performance liquid chromatography (HPLC) chromatograms of product of each set are shown in Supplementary Figure S4 .
The peak at 1688 cm −1 was chosen as the characterization peak of raw materials in suspension and the peak at 1678 cm −1 was selected as the characterization peak of cocrystal. The relative peak intensity is presented in Figure 6 (the baseline is the same as above). In Figure 6 , the total time taken for cocrystal formation in each experiment under different conditions can be obtained and the formation time was 44 min, 57 min, 22 min, and 43 min respectively. 
On-Line Monitoring of TP-BA Cocrystal Formation Process in Cooling Crystallization.
Similar to the slurry experiments, Raman spectroscopy can be also used to monitor the cooling crystallization process of TP-BA cocrystal. In cooling crystallization, the TP-BA cocrystal was prepared in a methanol/water mixture (V:V = 1:5). The Raman spectra obtained from cooling crystallization, which has the same peak shifts as in slurry experiments, can provide various data of the cocrystallization process, including nucleation time, nucleation temperature and suitable cooling ending point. Comparing the cocrystal formation time under different conditions in slurry crystallization, we found that the suspension density of raw materials and the temperature both have impact on the transformation from raw materials to cocrystal. From the results of exp 1 and 2 (Table 3, Figure 6 ), the cocrystal formation time of exp 1 is obviously shorter than that of exp 2, while the initial concentration of raw materials in exp 1 is higher than exp 2. The results show that when the initial concentration of raw materials is higher, TP-BA cocrystal formation is faster. The initial concentration directly affects the suspension density of raw materials, and higher suspension density can improve the collision probability of raw material particles in slurry crystallization to expedite cocrystal formation. Meanwhile, the total contact surface area between the API and coformer molecules in suspension can be increased as the suspension density becomes higher, and this can also improve cocrystal formation rate. Therefore, the suspension density of raw materials can affect cocrystal formation and the cocrystal formation rate would increase as the suspension density of raw materials increases. The same results can be achieved by comparing the transformation time from raw materials to cocrystal in exp 3 and 4. The lower formation time in exp 3 indicates higher suspension density in exp 3 (0.078 M) can achieve a higher rate of transformation from raw materials to TP-BA cocrystal than in exp 4 (suspension density is 0.042 M) when reaction temperature is same.
Comparing Raman spectra of exp 1 and 3, under the same suspension density condition, TP-BA cocrystal formation is faster in exp 3 when the temperature is higher than that of exp 1. This is mainly because higher temperature will facilitate the raw materials to reach the activated state with less time, and can thus shorten the formation time. The spectra of on-line monitoring of exp 2 and 4 show the same results. With the same suspension density of raw materials exp 4 (313.15 K) has a higher rate of TP-BA cocrystal formation than exp 2 (298.15 K), which also indicates temperature has an impact on TP-BA cocrystal formation under the same suspension density condition.
On-Line Monitoring of TP-BA Cocrystal Formation Process in Cooling Crystallization
Similar to the slurry experiments, Raman spectroscopy can be also used to monitor the cooling crystallization process of TP-BA cocrystal. In cooling crystallization, the TP-BA cocrystal was prepared in a methanol/water mixture (V:V = 1:5). The Raman spectra obtained from cooling crystallization, which has the same peak shifts as in slurry experiments, can provide various data of the cocrystallization process, including nucleation time, nucleation temperature and suitable cooling ending point.
Two couples of peaks at 1678/1688 cm −1 and 918/925 cm −1 are regarded as the characteristics peaks to investigate the cocrystal formation process in cooling crystallization. The corresponding relative peak intensity is calculated by the above method and shown in Figure 7 . It can be seen from Figure 7 that the peak intensities of 1678 and 925 cm −1 , which represent the TP-BA cocrystal, start to increase at 170 min, and those of 1688 and 918 cm −1 , which represent the raw materials, begin decreasing at the same time. This means that at 170 min in the cooling process cocrystal nucleation occurs. Further, the nucleation temperature of TP-BA cocrystal can be calculated from the combined nucleation time and cooling rate, which is at 296.65 K. In theory, during the cooling process the amount of TP-BA cocrystal should keep increasing because the cocrystal solubility decreases continuously as temperature decreases. However, from the Raman spectra of the on-line monitoring of cooling crystallization (Figure 7) , the relative peak intensity that represents the cocrystal shows no significant increase and stays at an approximately stable level after 250 min of the cooling process. That is because when cocrystal solubility decreases to a relatively low level, the yield cannot be increased significantly by further cooling. The corresponding temperature is the ending point of the cooling process. In the TP-BA cooling crystallization process, the ending temperature obtained from the Raman spectra of on-line monitoring is 284.65 K. Hence, on-line monitoring in cooling crystallization by Raman spectroscopy can be used to monitor cocrystal formation and to obtain information about the cocrystal nucleation temperature and ending temperature in cooling crystallization. Two couples of peaks at 1678/1688 cm −1 and 918/925 cm −1 are regarded as the characteristics peaks to investigate the cocrystal formation process in cooling crystallization. The corresponding relative peak intensity is calculated by the above method and shown in Figure 7 . It can be seen from Figure 7 that the peak intensities of 1678 and 925 cm −1 , which represent the TP-BA cocrystal, start to increase at 170 min, and those of 1688 and 918 cm −1 , which represent the raw materials, begin decreasing at the same time. This means that at 170 min in the cooling process cocrystal nucleation occurs. Further, the nucleation temperature of TP-BA cocrystal can be calculated from the combined nucleation time and cooling rate, which is at 296.65 K. In theory, during the cooling process the amount of TP-BA cocrystal should keep increasing because the cocrystal solubility decreases continuously as temperature decreases. However, from the Raman spectra of the on-line monitoring of cooling crystallization (Figure 7) , the relative peak intensity that represents the cocrystal shows no significant increase and stays at an approximately stable level after 250 min of the cooling process. That is because when cocrystal solubility decreases to a relatively low level, the yield cannot be increased significantly by further cooling. The corresponding temperature is the ending point of the cooling process. In the TP-BA cooling crystallization process, the ending temperature obtained from the Raman spectra of on-line monitoring is 284.65 K. Hence, on-line monitoring in cooling crystallization by Raman spectroscopy can be used to monitor cocrystal formation and to obtain information about the cocrystal nucleation temperature and ending temperature in cooling crystallization. 
Conclusions
In this work, the theophylline-benzoic acid cocrystal was prepared in solution via slurry and cooling crystallization. The solution synthesis of TP-BA cocrystal overcomes the disadvantages of existing preparation methods and can be used to produce large scale and high purity TP-BA cocrystal. The TP-BA cocrystal was characterized by PXRD, DSC, TGA and Raman spectroscopy. The cocrystallization process of TP and BA in solution was monitored by on-line Raman spectroscopy (both slurry and cooling crystallization). The change of peak intensity in the cocrystal formation process can be observed easily from the Raman spectra. The factors affecting the cocrystal formation rate in slurry crystallization were also explored. The results of Raman spectra show that suspension density of drug and coformer, and temperature, both have an impact on TP-BA cocrystal formation. The cocrystallization process will become faster as the suspension density increases. When suspension density of the raw materials is the same, a higher temperature can improve the TP-BA cocrystal formation rate. Temperature and suspension density of raw materials both have a positive correlation with the TP-BA cocrystal formation rate. Furthermore, nucleation temperature and cooling ending point can be obtained by on-line monitoring of the cocrystal formation process in cooling crystallization.
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